For the first time, the effect of minor structural changes to the electrolyte salt on solution properties is investigated experimentally. It was achieved by decomposition of the overall changes into individual components. It allowed to obtain information on the contradicting effects influence on the final result. This study is focused on comparison of two lithium salts: lithium 4,5-dicyano-2-(trifluoromethyl) imidazolide (LiTDI) and lithium 4,5-dicyano-2-(pentafluoroethyl) imidazolide (LiPDI). LiTDI is a very promising salt for lithium-ion battery application. PDI − anion differs from TDI − only in length of perfluorinated alkyl chain.
Introduction
Lithium-ion batteries are commercially available for more than two decades and have become the most popular secondary batteries. A lot of studies were dedicated to improving their properties, although majority of them were focused on electrode materials. Electrolytes used in modern batteries are very similar to those used 20 years ago. Such electrolyte consists of lithium hexafluorophosphate (LiPF 6 ) dissolved in a mixture of organic carbonates [1] .
The electrolyte largely determines cell performance. The choice of salt can strongly influence electrochemical properties as well as cost and safety of the electrolyte. Apart from previously mentioned LiPF 6 , there are several other salts which were considered for lithium-ion cells application, including LiClO 4 [2] , LiBF 4 [3, 4] , LiAsF 6 [5] and LiCF 3 SO 3 [6] . Despite its lack of stability in contact with water and poor thermal stability [7] , LiPF 6 proved to be so far the best salt for secondary batteries. In years following lithium-ion batteries commercialization, several attempts were made to replace it with another salt of comparable electrochemical properties but better stability. A few promising salts were proposed including LiN (SO 2 CF 3 ) 2 (LiTFSI) [6] , LiN (SO 2 C 2 F 5 ) 2 (LiBETI) [8] , lithium bis (oxalate) borate (LiBOB) [9] , LiPF 3 (C 2 F 5 ) 3 (LiFAP) [10] and lithium 4,5-dicyano-2-(trifluoromethyl) imidazolide (LiTDI) [11] . The last of these salts synthesised few years ago by our group shows very promising results [12] .
Performance of electrolytes depends on different factors such as physical and chemical properties of salt or solvent as well as interactions between them. Parameters which have to be taken into account include solubility, association, conductivity, viscosity and lithium transference number. These parameters are affected by ion concentrations and thus are affected by their character and association. For better electrochemical performance, less associated electrolytes are preferred. Anion structure affects its mobility and as a result, both solution viscosity and lithium cation transference number (T Li+ ) [13] . One of the best ways to enhance electrolyte electrochemical performance is to design a new lithium salt. In theory, optimal results should be achieved by salt consisting of bulky anion weakly bound with cation. However, anion size influences viscosity and conductivity of the resulting electrolyte solution. Thus, the anion should be small, so changes to its structure should be restricted to small functional groups. Lithium cation is a hard acid thus we need an anion which would be a soft base. For this reason, we design anions with charge uniformly distributed over all its atoms. Using cyclic anion following Hückel's rule and substituted with electron withdrawing groups, having symmetry axes should be most effective favourably. We would also like to avoid any hydrogen atom. Presence of hydrogen atoms due to ease of their dissociation is detrimental to electrochemical, chemical and thermal stability [14] . However, design of new salt requires knowledge of structural change influence on the electrolyte parameters.
LiTDI anion fulfils all the above criteria. There have been many works regarding LiTDI electrochemical properties [12, [15] [16] [17] [18] . There are other works addressing some issues regarding this salt like SEI formation on graphite electrode. Even considering the disadvantages of LiTDI, it is still one of the best candidates for lithium-ion cells application [19] . Several publications addressed the issue of crystal structures containing this salt [20, 21] . In this work, we describe our latest investigation into ionics of the lithium weakly coordinating salts solutions. The main aim of our work is to study electrochemical properties and associations in solutions by means of electrochemical, thermal and spectroscopic methods. Analysis of associates by studying solutions allows for closer approximation of real electrolyte. We use LiTDI and its analogue, lithium 4,5-dicyano-2-(pentafluoroethyl) imidazolide (LiPDI). Anions of LiTDI and LiPDI differ only in perfluorinated moiety size-one vs two perfluorinated carbon atoms. Such minute difference allows us to study effect of subtle changes in structure on electrolyte properties. This, to our best knowledge, has never been attempted experimentally before in a systematic way. Difference between LiTDI and LiPDI is even smaller than between LiTFSI and LiBETI. It allows us to take advantage of similarities to isolate influence of moiety. We use triethylene glycol dimethyl ether (triglyme) as solvent due to a number of oxygen atoms which should allow for perfect fulfilment of lithium cation coordination sphere [22] . It allows us to create a model solution, which can be described in terms of excess or deficit of oxygen to coordinate lithium. It should give us the ability to find correlation between electrochemical parameters, association, or solvation effects in the solution and anion structure. It will give us a better understanding of reasons behind changes of certain parameters and allow for the design of new salts based upon predictions rather than pure guesses.
Experimental
LiTDI and LiPDI salts were prepared according to the synthetic route described in our previous work [11] . Salts were dried at 140°C under the vacuum for 48 h. Solutions of LiTDI and LiPDI in triglyme (99% purity, Sigma-Aldrich) were prepared. Solutions of 1 to 3, 4, 5, 6, 8, 10, 20 and 50 molar ratio of salt to solvent were prepared. For ionic fractions estimation by Fuoss-Kraus formalism [23] [24] [25] [26] solutions of 0.01, 0.005, 0.002, 0.001, 0.0005, 0.0002 and 0.0001 mol/kg of solvent were prepared by dilution of 0.1 mol/kg solution. Precise procedure on how to obtain values for Fuoss-Kraus model was described in our previous work [12] . All solutions and samples were prepared in an argon-filled dry box containing less than 1 ppm of moisture or oxygen.
Conductivity measurements were carried out using electrochemical impedance spectroscopy (EIS) on the computerinterfaced VMP3 (Bio-Logic Science Instruments) multichannel potentiostat with frequency response analyser (FRA) module. Conductivity was measured at 25°C. Samples were placed in a cryostat-thermostat system (Lauda Ecoline Star edition RE 307). Frequency range was set in 500 kHz to 10 Hz range with 10 points per decade and 5 mV ac signal. Each measurement was repeated six times for higher consistency of the results.
Lithium cation transference numbers were determined using the Bruce and Vincent method [27] . Electrolyte samples were sandwiched between two electrodes of metal lithium foil (0.45-mm thick, 99.9% purity, MTI-XTL) in Swagelok-type cell. All samples were measured at 25°C. Impedance spectra were measured using computer-interfaced VMP3 multichannel potentiostat. Frequency range was set from in 500 kHz to 100 mHz range with 10 points per decade and 5 mVac signal. Each measurement was repeated six times for higher consistency of the results. Polarisation measurements were carried out with 20 mV potential. Current data was collected every 2 s with 10 nA accuracy. Current upon achieving of the steadystate was calculated by averaging values for the last 60 s.
Cyclic voltammetry was measured in two-electrode Swagelok type cell in 0.1-5.2 V range with 1 mV scan rate. Platinum plate was used as working electrode while lithium plate (0.45-mm thick, 99.9% purity, MTI-XTL) was used as counter electrode and reference electrode. Computerinterfaced VMP3 multichannel potentiostat was used for these measurements. Two samples of 0.5 mol/kg of solvent of LiTDI and LiPDI in triglyme were used.
Viscosity measurements were carried out with a Physica MCR301 Anton Paar rheometer with a CP40 cone plate and thermoelectric heat pump base. Experiments were performed at 25°C. For each sample and temperature, viscosity data was collected with shear rate ranging from 10 to 1000 s −1 .
Viscosity was calculated by extrapolation of viscosity measured for the last 10 points to zero shear rate. Thermal properties were investigated by differential scanning calorimetry (DSC). Q200 calorimeter (TA Instruments) was used. Samples were heated from − 140 to 0°C at 10°C/min rate.
FTIR spectra were obtained with Nicolet Avatar 370 DTGS spectrometer (Thermo Electron) with resolution of 1 cm −1 and 512 scans in 4000 to 500 cm −1 range. Studies were performed with attenuated total reflection (ATR) accessory at room temperature.
Results Figure 1 shows relation between conductivity of LiTDI and LiPDI solutions and salt concentration at 25°C. Maxima of conductivity for both salts appear at 1:5 molar ratio. Conductivity of LiTDI solutions were slightly higher than those of LiPDI, 4.79 mS/cm and 4.65 mS/cm, respectively, although for 1:10 molar ratio, we can observe a sudden drop in conductivity of LiTDI solution. Error bars for all measurements are smaller than markers. Electrochemical stability was determined by cyclic voltammetry. Obtained results shown on Figs. S1 and S2. (supplementary information) did not reveal any significant differences to results presented in previous works [11] .
In Fig. 2 , we can see similar plots showing viscosity of aforementioned solutions. Viscosity grows with salt concentration. Viscosity of LiTDI solutions is lower than viscosity of LiPDI solutions. Difference is very small yet it grows with salt concentration. Figure 3 presents ionic fractions estimation for LiTDI and LiPDI solutions. Fraction of ion pairs is higher for LiPDI solutions while fractions of Bfree^ions and triplets are lower.
In studied range of molar ratios triplets are dominant charge carriers. Ion pairs constitute vast majority of all compounds for both salts with over 70% content. Triplets content revolves around 20% and free ions constitute for less than 1%.
Results of lithium transference number measurements are presented on Fig. 4a for LiTDI and on Fig. 4b for LiPDI solutions. Transference number for LiTDI solutions seems to be higher than numbers obtained for LiPDI solutions, at least for low salt concentration. It is also worth noticing that these salts exhibit opposite behaviour with concentration change. For LiTDI solutions, transference number increases while for LiPDI solutions it decreases with salt concentration. Figure 5 shows results of thermal analysis. For pure triglyme melting point was observed at − 46.3°C and glass transition temperature at − 105.9°C. LiTDI solutions crystallise only down to 1:5 molar ratio. Melting point decreases with salt concentration from − 43.4 to − 56.0°C. Glass transition temperature exhibits different behaviours depending on salt concentration. For high molar ratio of 1:20 and 1:50, we observe relatively high glass transition temperature of − 98.0°C and − 98.6°C, respectively. It is increasing slightly with concentration. For lower molar ratios, glass transition temperature is considerably lower, at − 115.2°C for 1:10 molar ratio, yet it rises with salt concentration up to − 96.2°C. Melting point and glass transition temperatures of LiPDI solutions behave similarly; however, they are slightly lower than respective temperatures of LiTDI solutions.
We have chosen few regions of spectra for deconvolution based on previous works, relevance to study of association and ease of deconvolution. There are two main ways to form direct association between TDI − and PDI − anions and lithium cations: one through nitrile nitrogen and another through ring nitrogen with fluorine. Changes in association through nitrile moiety can be observed by changes in relative intensity of peaks in C≡N stretching region. We can study association through ring nitrogen and fluorine by changes in relative peak intensities in either C-F stretching or C-F deformation region or C-N-C stretching region. However, only C-F peaks are easy to analyse [21] . does not contain deconvolution of spectra. This region was not deconvoluted due to interference of peaks. . Peak pairs are assigned to in plane and out of plane vibrations respectively. First peaks in those two pairs are assigned to free −CF 3 and second peaks to associated moiety, respectively. In LiPDI solutions, there are most probably five peaks. There are two peaks at about 1200 cm ) and free -CF 2 -deformation (δ -CF 2 -), respectively. Those peaks are not present for LiTDI solutions, which is why they were attributed to -CF 2 -deformation.
Discussion
Conductivity of electrolytes depends on several factors like used salt, its concentration, and association. Increase in salt concentration cause increase in amount of charge carriers resulting in increase in conductivity. However viscosity also rises with salt concentration. Maxima of conductivity for both LiTDI and LiPDI solutions are at the same molar ratio which indicates that such a small change in anion structure does not have a significant impact on their position that can be noticed with used resolution of measurements. This position is most likely determined by properties of solvent. In case of triglyme, it is more or less 1:5 molar ratio which corresponds to ca. 20 coordinating moieties per lithium cation. Conductivity of LiTDI solutions is higher than conductivity of LiPDI solutions and differences are more pronounced at higher concentrations which correlates well with viscosity measurements. PDI − anion is bigger than TDI − ; therefore, higher viscosity of LiPDI solutions is justified. However PDI − anion should provide better distribution of charge due to stronger electron withdrawing properties of pentafluoroethyl group than those of trifluoromethyl group. In result, interactions between lithium cation and PDI − anion should be weaker and dissociation degree should be higher, thus providing higher conductivity. This does not find conformation in conductivity results. FTIR studies revealed, however, that association phenomena in LiPDI solutions are weaker, both through nitrile nitrogen and ring which is evident by higher relative intensities of peaks related to free anion. It should be noted that for LiPDI association with fluorine from -CF 2 -moiety should be far more likely than association with -CF 3 fluorine. In LiTDI solutions, there is also an additional peak observed at 2244 cm −1 related to higher associations. Absence of this peak in LiPDI solutions further supports this claim. We can also see these changes in relative intensities in 2200 cm −1 region to a greater extent for LiPDI than for LiTDI. In 750 cm −1 region, we observe huge changes in peaks' intensities for LiTDI solutions, unlike for LiPDI solutions. It is not surprising, as it was stated earlier, -CF 3 fluorine should not partake in association for LiPDI in measurable quantity. Interestingly, peaks around 600 cm −1 associated with -CF 2 -for LiPDI do not exhibit such great changes in relative intensities as peaks around 750 cm −1 for LiTDI. It suggests that not only association for LiTDI is stronger than for LiPDI solutions, but also prefers change in association mechanism. For LiTDI, association through ring nitrogen and fluorine is preferred, while for LiPDI, association through nitrile nitrogen is preferred. Analysing triglyme interactions with lithium we can see very similar behaviour for both LiTDI and LiPDI solutions. In 850 cm −1 region, there are two peaks related to C-O stretching which change considerably alongside salt concentration and two pairs of peaks related to ν C-C and σ -CH 2 vibrations, which change only slightly. Changes in relative intensities of peaks corresponding with ν C-O are slightly higher for LiPDI than for LiTDI. It can be explained by stronger solvation for electrolytes containing LiPDI. Less associates results in less anions replacing oxygen atoms in lithium coordination sphere. There are also peaks at about 1200 cm −1 . The relative intensity of peak from free -O-CH 3 decreases with salt concentration, which is a result of coordination of lithium cations by triglyme molecules, than down from the molar ratio of 1:6, it increases. Such result is probably related to strengthening association which affects number of free terminal moieties. Increasing concentration reduces number of free -OCH 3 moieties due to solvation of lithium cations by triglyme molecules. Creation of contact associates causes exchange of some oxygen atoms in lithium coordination sphere for anion moieties. As a result, fraction of terminal moieties become free again. Aforementioned concentration marks border at which direct association effect starts to dominate over concentration effect.
Peaks attributed to -CF 3 stretching both in 1250 cm −1 region and in 750 cm −1 region exhibit justifiable similarities as they are related to the same moiety. The fact that vibrations in plane in which lithium cation-anion bonds are created are more affected by this bonding is also understandable. Ionic fractions estimated by Fuoss-Kraus formalism explains why stronger association for LiTDI solutions does not suffice to result in lower conductivity than LiPDI solution. Stronger association for LiTDI solutions results in higher viscosity; however, difference is not big enough to entail higher viscosities than those for LiPDI solutions. On the other hand, predominant charge carriers in those solutions are triplets, while fraction of free ions is negligible. As a result, stronger association causes greater increase in triplets concentration than decrease in free ions concentration. Ultimately, charge carriers concentration is higher for LiTDI than for LiPDI solutions. It should be noted that Fuoss-Kraus formalism accounts for all associates, not only contact ones. Alas, it is only an estimation of ionic fractions with limited accuracy at higher concentrations. Limitations arise from approximations in equations which are appropriate only for low concentrations. Still, it is sufficient for qualitative analysis.
Lithium cation transference number obtained for LiTDI and LiPDI solutions suggests that according to expectations, electrolytes containing LiPDI should have higher numbers due to more bulky anion. However, unexpectedly, lithium transference number for LiPDI solutions decreases with salt concentration. There are several factors that influence transference number: first and foremost, properties of ions-their relative masses, sizes and shapes. Secondly, properties of solvent encompassing also viscosity and ability to coordinate ions. In case of solvents for lithium ion batteries, those would be exclusively cations. Aforementioned properties would determine transference number at infinite dilution. Changes of transference number with salt concentration would be the result of few effects. Firstly, due to difference in sizes and shapes of free anions and cations with their solvation layer, increase of viscosity will differently impact mobility of charged species. The effect should be observed to a greater extent for bulkier particles. Secondly, association will affect transference number, as mobilities of associates are different than those of dissociated ions. Ion pairs influence viscosity only, as they do not migrate in electric field. Mobility of positively and negatively charged triplets will usually vary due to difference in size. Because of associate content, which was discussed earlier, association effect on transference number change in studied concentration should be small as most important change in electrolyte with concentration is ion pair → triplet. Melting points and glass transition temperatures obtained by DSC revealed few interesting properties of studied solutions. Lower melting and glass transition temperatures for LiPDI solutions than those for LiTDI solutions can be explained by weaker interactions between cation and anion, which confirms previous assumptions. Interestingly, glass transition temperature exhibits nonlinear behaviour. At low salt concentration, T g increases. With sufficient salt concentration, below 1:10 molar ratio, another signal appears on the DSC curve. This is an exothermic signal related to recrystallization of sample. Such new composition has lower glass transition temperature, which results in sudden drop of T g with salt concentration. With further growth of salt concentration T g increases as a result of viscosity increase causing increased chain stiffness which was already described in previous works regarding poly (ethylene glycol) solutions [28] . Melting point appears for studied solutions only down to 1:5 molar ratio for both LiTDI and LiPDI. More concentrated solutions form fully amorphous systems. Addition of salt results in decrease of melting point. Disappearance of melting point correlates well with maxima of conductivity for both salts. Such correlation could be the result of maximum conductivity appearing at concentration providing optimal fulfilment of lithium cation coordination sphere by solvent molecules. After that, continuous increase of salt concentration leads to amplification of cation-anion interactions which along decreasing number of free solvent molecules, is sufficient to prevent crystallisation. Crystallisation of LiTDI-triglyme system was observed and studied for molar ratios lower than 1:3 [20, 21] . However, these crystal structures ought to be different than those for low salt concentration. Crystals obtained for low salt concentration have melting point slightly below − 46°C, which is a melting point for pure triglyme. It is a much lower melting point than for high concentration crystals. Possibly structure of low concentration crystals is determined by solvent and may resemble its crystal structure.
Conclusions
To summarise, comparative study of LiTDI and LiPDI solutions showed that functional parameters of electrolytes are results of many different, often opposing, factors. Both salts exhibit very similar parameters despite quite significant difference in anion mass and volume. Conductivity for both systems encloses within a few percent and positions of maxima are mostly dependent on solvent. Differences in viscosity values are also small. We have demonstrated how association governs electrolyte parameters and is crucial to understand observed changes. It allowed us to understand why PDI − , which is anion of theoretically better properties than TDI − , did not exhibit better parameters in solution. Association is the key parameter for electrolyte optimization, yet it is not always advised to strive to minimalize it. If triplets are main charge carriers in electrolyte, obtaining lower association at the expense of other parameters like viscosity is not going to yield a positive effect. Complex nature of interactions affecting transference number, which is very important parameter, was also described. Structure of anion not only determines transference number but also the way it changes with concentration. Together with solvent properties, it constitute position of transference number maximum. Interesting observations were made regarding behaviour of melting point and glass transition temperature, particularly an explanation of nonlinear change with concentration of the latter which is an important factor for electrolyte optimization. These studies have practical implications as well, allowing for knowledge-based design of new salts and electrolytes for lithium-ion batteries. 
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